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experimental investigation [1] and theoretical interpretation [2,3].
A complete description of the isomerization process requires a
knowledge of the potential surfaces involved, of the interactions
between these surfaces and of the resulting dynamics of the sys-
tem, including crossings from one potential surface to another. In
this paper, we focus on the cis–trans isomerization in unsaturated
hydrocarbons (e.g., butene-2) and present the results of semiclas-
sical trajectory calculations that include non-adiabatic effects and
treat the motion in the full multidimensional cartesian space of
the molecule undergoing the isomerization reaction.
Semiclassical approaches to electronically non-adiabatic pro-
cesses were ﬁrst developed in the early days of quantum-mechan-
ics by Landau [4], Zener [5], and Stückelberg [6] who considered
the problem of electronic transitions in atom–atom collisions, in
which only one classical degree of freedom (the relative translation
of the nuclei) has to be considered.
Recently, semiclassical treatments have been formulated for the
multidimensional problem involving non-adiabatic transitions.
The work of Nikitin [7] represents a direct outgrowth of the Lan-
dau–Zener–Stückelberg approach, while that of others [8,9] is
based on the more general and very natural semiclassical limit of
the Feynman path integral formulation [10]. The only published
applications to multidimensional problems are the calculations inthe Landau–Zener–Stückelberg framework by Nikitin [11] of non-
adiabatic vibrational deactivation in atom, diatomic molecule col-
lisions and by Tully and Preston [12] of ‘‘surface hopping’’ in the
non-adiabatic reactive collisions of H+ + D2, as well as the use of
the Feynman path integral approach in a collinear treatment of
the same reaction by Lin et al. [13]. Although the formal extension
of the available semiclassical methods to photochemical cis–trans
isomerization reactions in ethylene and more complicated hydro-
carbons is straightforward in principle, it is rather difﬁcult in prac-
tice. To indicate the nature of the approach that can be used and
the type of results that can be obtained, we shall examine the rel-
atively simple problem of isomerization for molecules initially ex-
cited to the pp⁄ triplet state. Such an excited molecule undergoes
torsional oscillations on the triplet surface until a non-adiabatic
transition to the ground-state singlet takes place. At that point, it
can continue its torsional oscillations and re-cross to the triplet
or alternatively relax in the singlet state to the cis or trans planar
conﬁguration, the excess energy being distributed into degrees of
freedom other than the torsion and, in an experiment, ﬁnally
removed by collision with the medium. To treat the cis–trans
iso-merization in detail it is thus necessary to know the complete
ground-state singlet and excited-state triplet surfaces. A semi-
empirical technique for determining such surfaces has been
developed recently [14]. It gives the potentials in such a form that
analytic ﬁrst derivatives with respect to cartesian coordinates can
be obtained for the rapid evaluation of the forces required in a
trajectory calculation. Non-adiabatic coupling terms could also be
evaluated for the study of internal conversion processes, but for
the present model problem involving crossing between triplet
and singlet states, the required interaction is due primarily to
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A. Warshel, M. Karplus / Chemical Physics Letters 589 (2013) 68–72 69spin–orbit coupling. Because the interaction is weak and the triplet
 singlet transition probability is very small, the diabatic
solutions to the problem with the spin–orbit coupling treated as
a perturbation seem most appropriate.
To introduce the necessary notation, we brieﬂy outline the for-
mulation. We assume that we are concerned with only two elec-
tronic states, the triplet excited state (/1(x, r)), and the singlet
ground-state (/2(x, r)), and that in the absence of spin–orbit cou-
pling these states satisfy the time-independent Schrödinger equa-
tion [7]
Hðx; rÞ/iðx; rÞ ¼ iðrÞ/iðx; rÞ; i ¼ 1;2; ð1Þ
where H is the ‘‘electronic’’ hamiltonian, x is the electronic coordi-
nate vector and r is the nuclear coordinate vector, which appears
parametrically in Eq. (1). In the semiclassical theory to be applied
here, it is assumed that the nuclear motion can be treated classi-
cally, such that r = r(t) where t is the time. Introduction of the
spin–orbit coupling matrix elements, r(r), between the two states
means that they no longer satisfy Eq. (1) exactly and that transition
from one to the other is possible. Writing the time-dependent
wavefunction in the form
wðtÞ ¼
X2
i¼1
aiðtÞ/iðx; rÞ ¼
X2
i¼1
biðtÞ/iðx; rÞ exp ði=hÞ
Z t
idt0
 
; ð2Þ
we ﬁnd by substituting into the time-dependent Schrödinger equa-
tion [7]
_b1 ¼ ði=hÞrðrÞb2 exp ði=hÞ
Z t
Ddt0
 
;
_b2 ¼ ði=hÞrðrÞb1 exp ði=hÞ
Z t
Ddt0
 
;
ð3Þ
where D ¼ 1  2. Given the initial conditions j b2ð1Þj2 ¼ 0,
j b1ð1Þj2 ¼ 1 (i.e., the system is initially excited to the triplet
state), it is possible to determine the ﬁnal probability jaij2 = jbij2 of
being in state i for any path r(t) by integrating Eq. (3) along that
path. To obtain the complete quantum mechanical result, the elec-
tronic transition amplitudes ai(t) for all possible paths from a given
initial to a given ﬁnal rotation–vibration state are summed in the
Feynman path integral formulation [10]. The semiclassical approx-
imation uses the stationary phase path or paths for estimating the
value of the integral [8,9]. An important element of the transition
problem, in contrast to that of semiclassical motion on a single sur-
face, is that the selection of the possible paths requires a determina-
tion of the surface on which the motion takes place and when
crossing from one to the other occurs. The difﬁculties associatedtranscis
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Figure 1. Schematic drawing for butene-2 of the ground-state energy 2 and the
triplet excited state energy 1 as a function of the torsional angle /; the quantity D
equals 1  2 and is varied in the calculation (see text).with this question have been discussed recently and a number of
possible approximate answers have been described [8,9,12,13].
Rather than attempting a complete semiclassical treatment of
cis–trans isomerization from an excited triplet state in the semi-
classical framework outline above, we feel it is best here to exam-
ine only the essential elements of the problem and demonstrate
that a simpliﬁed approach should be satisfactory. For molecules
like ethylene and butene-2, the primary dependence of the ener-
gies 1(r) and 2(r) is on the torsional angle /. A schematic diagram
of the diabatic energies as a function of / alone for a slightly asym-
metric case like butene-2, is shown in Figure 1; in the complete po-
tential surface, the energy as a function of all the coordinates must
be considered (see below). There are two limiting cases: In the ﬁrst,
the parameter D, deﬁned in the ﬁgure as the difference between
the minimum of 1 and the maximum of 2, is positive and the sur-
faces do not cross; in the second, D is negative and the surfaces do
cross. As to the spin–orbit coupling parameter r, it is also primarily
a function of the angle /; in the simplest approximation it is re-
garded as a constant independent of /. However, Salem and Row-
land [15] have recently estimated the angular dependence of r and
found a form that can be approximated by r ¼ r0 j sin 2/ sin/ j.
From the discussion in the previous paragraph, it might appear
that a simple one-dimensional description of the isomerization50
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Figure 2. Relaxation of torsional energy in the ethylene ground state. The trajectory
shown is started with all coordinates at their equilibrium value except / = p/2 and
bC=C = 1.41 Å; the molecule has a kinetic energy of 5 kcal with the associated
momentum directed along the torsional coordinate. The line (—) represents the
total torsional kinetic plus potential energy, while the line with circles ( )
corresponds to the torsional potential energy alone. Upper ﬁgure: motion in the
space of the torsional and C=C bond stretching coordinate alone; lower ﬁgure:
motion in the complete cartesian space of the molecule.
70 A. Warshel, M. Karplus / Chemical Physics Letters 589 (2013) 68–72problem would be sufﬁcient. However, such an approach does not
permit one to describe properly the energy redistribution after
crossing from the excited-state to the ground-state surface has ta-
ken place. To illustrate this point, we look in Figure 2 at the trajec-
tory on the ground-state surface of ethylene. Figure 2a presents the
behavior of the trajectory in the restricted space including only the
torsional angle and the C=C bond length, b, which are coupled by a
potential of the form described in ref. [14]; Figure 2b shows the
corresponding trajectory in the complete cartesian space. The tra-
jectories are started with / = 270 (i.e., the position of maximum
torsional potential energy) and b = 1.41Å (the energy minimum
for b at / = 90, 270); the system has initial torsional kinetic en-
ergy T/ = 5 kcal. The upper (‘‘smooth’’) curve in each case corre-
sponds to the total torsional energy (kinetic plus potential) while
the lower curve (‘‘line with circles’’) is equal to the potential energy
alone. It is clear that in the torsional space (Figure 2a), the ethylene
molecule continues to rotate while in the complete cartesian space
(Figure 2b) the molecule is trapped in the region of the minimum
at 360 before a complete rotation has taken place.
To extend these results to the actual isomerization problem, we
show in Figure 3 a trajectory obtained for the cis form of butene-2
initially in its triplet state, vertically excited from the ground state
minimum; the quantity D of Figure 1 is equal to 5 kcal. The ener-
gies 1 and 2 of Eq. (1) are shown as a function of the torsional an-
gle / for the coordinates followed by the trajectory in the complete
cartesian space. It is seen that the surfaces cross in the neighbor-
hood of 90. The oscillations of 1 and 2 up to 90 are due primar-
ily to coupling between the torsional and carbon–carbon stretching
motion. It is assumed in this particular trajectory that the system
follows the triplet curve 1 up to the second crossing near 85, at
which point the transition takes place and the trajectory continues
on the singlet surface 2. Since there is a crossing in real space in
the present trajectory, energy and momentum are directly con-
served. The important feature to note is that, by analogy with the
previous ethylene results, the system is trapped in the region
180 ± 50, once the transition has occurred. The coordinates fol-
lowed after crossing to the ground state surface are such that the
triplet energy surface 1 is always far removed from the singlet
surface 2. Corresponding to this, one ﬁnds that the magnitude of100
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Figure 3. Sample trajectory including transition; the trajectory remains on the excited sta
state surface (see the heavy arrow in the ﬁgure). The symbols 1 and 2 are the energies of
given are the real part of _a2 and ja2j. For this case D ¼ 5 kcal, r = 0.01 jsin 2/ sin / j kcthe ground-state coefﬁcient, ja2j, remains nearly constant beyond
90. This result, which is conﬁrmed by other trajectories, implies
that once the transition from the triplet to the singlet surface has
taken place, the probability of crossing back is small, not only be-
cause of the smallness of interaction, but more generally because
of the transfer of the available energy to degrees of freedom other
than the torsional mode. Consequently, the isomerization calcula-
tion can be simpliﬁed in that multiple transitions 3 resulting from
passing more than once through the transition region do not have
to be considered.
More difﬁcult is the question of the treatment of the system in
the transition region, since the probability of transition approaches
its stable value over a range of torsional angles (see Figure 3). Thus,
it is not clear what surface should be followed and what interfer-
ence effects included. A variety of comparisons have been made
to examine this question. For example, trajectories have been cal-
culated for the same initial conditions with the transition taking
place at the ﬁrst crossing or at the second crossing of the two po-
tential surfaces. The transition probability is found to be very
nearly the same for the two cases. However, the values of 1 and
2 after the transition are somewhat different and the second
crossing point corresponds to different coordinates in the two
cases. This suggests that the interference between the transition
amplitudes from the two branches is small. Comparison calcula-
tions made for the limiting cases of neglecting interference effects
completely and including interference with the assumption that
the geometries corresponding to the two branches of the trajecto-
ries are identical at the crossing points indicates that the error
introduced by any of the possible choices is not important.
Based on the considerations described above, we have made
calculations starting the trajectories with a given torsional kinetic
energy and the vertical excitation coordinates for cis, butene-2 on
the triplet surface. The trajectory is followed on the triplet-state
surface up to the turning point of the trajectory and Eq. (3) is
solved to obtain ja2j2; this result is labelled ja1transj2 because it cor-
responds to the ﬁrst passage through the transition region and will
result in a ground-state molecule trapped in the trans conforma-
tion. The trajectory is continued on the excited state, ja2j2 is deter-
mined for passage through the transition region and the result isdinate
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Figure 4. Rate constants kcis and ktrans obtained from a sample trajectory as a
function of time [for deﬁnitions see Eq. (4)]; D ¼ 5 kcal; r = 0.01jsin 2/ sin /j kcal;
and T/ = 1 kcal.
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Figure 5. Dependence of k = kcis + ktrans on the splitting parameter D; r = 0.01jsin 2/
sin /j kcal and T/ = 1 kcal.
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Figure 6. Dependence of k (s1) on r0 (kcal) shown as a log–log plot; D ¼ 5 kcal
and T/ = 1 kcal.
A. Warshel, M. Karplus / Chemical Physics Letters 589 (2013) 68–72 71labelled ja1cisj2 in obvious notation. The trajectory is followed for a
time t(t? s) until the rate constants, kcis and ktrans, deﬁned by
kcis ¼ lim
t!s
1
t
X
i
jaicisj2; ktrans ¼ limt!s
1
t
X
i
jaitransj2 ð4Þ
reach essentially constant values. In making such a calculation, it is
clear that other quenching processes are implicitly assumed to be
negligible during the time period s; s is found to be less than
1011 seconds in most cases. Typical behavior for a trajectory on
the butene-2 triplet surface is shown in Figure 4. Starting in the
cis triplet state, only ground-state trans, butene-2 can be formed
during the ﬁrst passage through the crossing region. The second
passage gives rise to ground-state cis, butene-2 and after that, the
two rate constants rapidly approach their limiting values. Again
neglecting other quenching processes, the fractional yield of cis or
trans is obtained in the usual way as
Ycis ¼ kciskcis þ ktrans ; Ytrans ¼
ktrans
kcis þ ktrans : ð5Þ
The important application of the present approach is to a deter-
mination of the dependence of the reaction on the system param-
eters. We report here some of the preliminary results that have
been obtained. Given a form of the potential surface corresponding
to that in Figure 1, it was found that the details of the initial con-
formation in the ‘‘Franck–Condon allowed’’ region are not impor-
tant for the subsequent behavior of the trajectory. There appears
to be a weak dependence on the initial total energy, which could
be experimentally varied, in principle, by the choice of excitating
wavelength or energy of the sensitizing molecule. For D ¼ 3 kcal
and r = 0.1 cal (independent of angle), both kcis and ktrans increased
by 20% when the initial torsional kinetic energy, T/, is varied from 0
to 10 kcal; a corresponding result is found for the angle-dependent
spin–orbit interaction. In part, at least, the lack of sensitivity to the
initial energy is due to the fact that much of the excess is rapidly
distributed into the other degrees of freedom. Also there is a partial
cancellation between the effect of the increase in torsional velocity
( _/), which tends to decrease the crossing probability for a given
passage through the transition region, and the larger number of
passes per unit time at the higher torsional velocity.
Of great interest is the variation of the reaction with the form of
the potential. We have so far varied only the parameter D by shiftingthe overall spacing between the ground-state and excited-state
surfaces. In Figure 5, we show the variation of k = kcis + ktrans as a
function of D. It is seen from the ﬁgure that there is a slow decrease
in k as D becomes more negative. This can be rationalized in terms
of the Landau–Zener approximation as being due to the increase in
the difference in slopes ð _2  _1Þ. For positive D, there is a sharp de-
crease in k. It is evident that for large D, other processes than the
one considered here (e.g., radiationless transitions) must play an
important role. Corresponding complications could arise for the
system in rigid glassy solvents that prevented torsional motion
by introducing a large effective barrier [16].
The dependence of k on r is shown in Figure 6. It is seen that the
log–log plot shows a linear relationship, which is expected if ja2j2 -
/ r2 as in the Landau–Zener model in the limit of weak coupling.
Comparisons have been made of the results obtained with spin–or-
bit coupling independent of angle or with the torsional angle
dependence given above. It is found that the general behavior is
very similar, though the angle-dependent function yields rates that
are considerably smaller for a given r0.
Because of the preliminary nature of the results reported here
and the uncertainty of the essential parameters for real systems,
we do not attempt any detailed comparisons with experiment.
With r = 0.6 cal as suggested by Magee et al. [3] and D  0 as esti-
mated by sensitization experiments [1,17] the rate constants for
butene-2 are on the order of 107 s1 and Ycis  Ytrans  12.
In this work we have made a ﬁrst attempt at studying the de-
tails of photochemical cis–trans isomerization by an approximate
semiclassical trajectory model. Although reﬁnements are certainly
needed to obtain deﬁnitive results, it is already clear that the pres-
ent approach can yield important insights into the nature of the
72 A. Warshel, M. Karplus / Chemical Physics Letters 589 (2013) 68–72reaction. Extension to cases involving competing processes (e.g.,
relaxation of pp⁄ singlets) should be feasible and would also be
of great interest.
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